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ABSTRACT

An ultra fast, sukpicosecond resolution streak camera has been recently developed at the LLNL. The camera is
a versatile instrument with a wide operating wavelength range. The temporal resolution of up to 30bés ca
achieved, with routine operation at 500 fs. The streak camera has been operated in a wide wavelength range
from IR to xrays up to 2 keV. In this paper we briefly review the main design features that result in the unique
properties of the streak cangeand present its several scientific applications: (1) Streak camera characterization
using a Michelson interferometer in visible range, (2) temporally resolved study of a transientiaser at

14.7nm, which enabled us to vary theray laser pulse dation from ~26 ps by changing the pump laser
parameters, and (3) an example of a tiraeolved spectroscopy experiment with the streak camera.

1. INTRODUCTION

The advent of the ChirpeBulseAmplification technique in higipower lasers has enabled theneration of ultrashort
(subpicosecond) laser pulses opening a range of new experimental areas ifastitphysics, e. g. relativistic laser
generated plasmas, transientay laser schemes,-K source development and many others. The new-tdisaphysics

often requires a diagnostic capability that exceeds most current technologies. Thus there is great interest in developing
new ultrafast diagnostics to study dynamics of these processes in the new regime.

In 1990 the 2Zps resolution barrier was ecessfully broken in xay streak camera design [1]. Although these streak
cameras provided an excellent service in understanding the processes involved-pldsiser interactions, it was clear
that further developments were required to study the gt phenomena on a sydicosecond timescale. Despite a
large need and research effort by several groups, ttey xube design did not show a significant improvement for
almost 10 years.

To address the needs in the field, the Lawrence Livermore Naticiadratory research effort focused on these goals:

» Maximization of the streak camera’s resolution into a-pidbsecond level

» Development of a compact design, and

» Development of a design that would enable us to carry out temporal history measurembntpedtral
resolution

Although its importance is sometimes underestimated, a compact small design is vital in scientific experiments that
are often carried out in relatively small target vacuum chambers. Moreover, for spectroscopic applicationgit is of
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required that the streak camera slit be positioned on the focal axis of an imaging crystal. For a large camera that would
mount to a chamber wall, this would mean an intrusivemérant tube, blocking much of the target solid angle.

In this paperwe describe the supicosecond LLNL FREX streak camera. This camera was the first of several
streak cameras that eventually brokesdl frontier. The streak camera has since been successfully used in several
scientific applications that demonstrate theealt camera’s unique capabilities. For example, the relatively small
dimensions of the camera combined with a von Hamos spectrometer enablegdodjition spectroscopic studies of
shortpulse laser.

In the following section we will give a brief overviewaf the streak camera design and its characteristics. In section
3, examples of scientific applications of theREX streak camera in a wide range of wavelengths are reported: (a)
infrared, visible and UV laser pulse measurements, (b) temporal history sfuatransient sofk-ray laser at 14.7 nm
(84 eV), and (c) an example of applications in harthys at ~12 keV, where a spectroscopic study of heated thin foils
with a relativisticintensity shorpulselaser was carried out.

2. T-REX STREAK CAMERA DESIGN

General Considerations
The temporal resolution of a streak camera is limited by a quadratic sum of the resolution losses throughout the streak
camera [2]. In other words, supposing Gaussian shapes of the respeetiopwitdution functions, one cashow that

5t0 = On) + (67, + ...

where 31r, 011, and 81, are the total temporal resolution and the FWHM duration of the response deconvolution
functions of the resolution losses on each element, respectively. In generakahestxeak camera restion limitations
can be separated into three physical effects:

» Temporal dispersion of the electron bunch
» Spacecharge spreading of the electron bunch, and
» Poor spatial resolution when detecting the electron bunch

In the previous generation of streak aanas with the resolution on the order of 2 ps, the latter two effects rarely play a
role, but they need to be taken into account in the newpsiktreak camera.

Most losses in resolution can be ascribed to the temporal dispersion of an electron bundhig/hecelerated
between the photocathode and the accelerating mesh (and right after passing through it). The bulk of this dispersive loss
is proportional to [2]

St oc (Eo + éEos/Z)]IZ_ (Eo_éEos/z)]l2
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wherekE, is the kinetic energy of the electroriiysis the FWHMenergy spread of the electron energy distribution, and
Efelq I the electric field strength of the accelerating field.

The energy of the released electrons from the photocathedegrBains relatively small €8 eV), however one
can maximize the tempal resolution by (1) optimizing the energy spreéHys, (that has to be as small as possible) and
(2) maximizing the electric field accelerating the electrongyEIn most streak cameras Csl photocathodes are used
because of their sensitivity. The engy spread could be reduced by choosing a different photocathode material, but the
small improvement would come at the expense of sensitivity. The main improvement in temporal resolution can
therefore be achieved by maximizing the accelerating field amginmzing the path on which the electrons are



accelerated. Additionally, the photocathode’s surface quality can help to minimize the electron energy spread.

Mesh and photocathode

Both the direction and energy of the electrons immediately off the photodatiare associated with the surface
distortions of the photocathode. In order to minimize surface distortions a special procedure has been develdped: 250
of SizNi, is coated on a 1.25 cm x 4.00 cm x 30 silicon wafer. Subsequently, the silicon is etdraway from a 100

pm wide, 2.54cm long area, producing an optical quality window that will act as the streak camera’s aperture slit. On
the unetched side, the window is coated with 406f Au (or, alternatively, Al for a certain range of wavelengths) to
provide electrical conductance. Finally, an 8&@hick layer of Csl is coated on top of the Au. The design is relatively
simple and the photocathodes can be readily replaced in case damage occurs. The photocathode is mounted separately
from the photocatbde grid, which further simplifies manipulation and possible replacement of a photocathode. The
photocathode is pulseharged from an external circuit to a negative voltageld kV with the pulse length of ~5 ns.

The relativelylong pulse was chosen atiarily in order to simplify streak camera’s timing and it guarantees a constant
voltage while the electrons are being produced. The acceleratingv3®d/cm (1000wires/inch) grid is placed at 500

um from the photocathode. For the sake of a simple deskgngrid is held at ground (zero) voltage, while the negative
voltage at the photocathode provides an accelerating electric field of ~300 kV/m over the width ofin50&ween the
photocathode and the mesh.

Electron Optics

After being accelerated theegltron bunches are relayed to the streak camera’s electron optics. The optics consists of two
electrostatic “cylindrical” lenses perpendicular to each other. The “temporal’ lens focuses the electron beam in the
direction perpendicular to the streak camerslit (the direction of the temporal resolution at the output of the streak
camera), while it does not affect the beam in the perpendiculacded “spatial”) direction. The temporal lens is used

to image the aperture slit at the output phosphorpitgper design and alignment is hence essential for the resolution of
the streak camera. The “spatial” lens (affecting the beam in the direction along the slit) is designed to focus the electrons
from the length of the slit and hence operates at a neghiglevoltage. The two lenses are isolated from each other by a
180wires/cm (300wires/inch) mesh at zero potential. The optimization of both lenses is important not only for an
achievement of the highest possible resolution, but also in order to redeictrélak camera size and therefore enable a
compact design. The streak camera’s electron optics system has been, therefore, carefully modeled by the SIMION 3D
7.0 ion optics code.
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Figure 1: Specific “lobe” shape of electrodes and etched equipotential lines reduce significantly the size of tr
camera’sspatial lens. The lens’ compact design has been developed through electron optics modeling by the
numerical code. Electron beams are supposed to be parallel at the input zero potential mesh and are imaged ontc
by the focusing electrodes



The code calculateslectron trajectories in electric (magnétfields and equipotential lines of the fields. The program
solves the Laplace equation with electrodes acting as boundary conditions. Given a defined simulation volume, the
program determines trajectories of injected electrons from the calculated digtitrgeotential distribution. Current
simulations of each lens have assumed a-tivwoensional environment; in other words all electrodes are taken to be
infinitely long. Since the electrons produced by the photocathode are accelerated by the poteeteiadifbf 1%V

between the mesh and the photocathode, electrons are injected into simulations with an initial energy of 15 keV. The
SIMION code does not support Poisson solutions; sgdieege effects are estimated from charge repulsion methods.
One suchmethod considers electrons as line charges and computes their charge repulsion from each other. This
approach is effective in predicting when spaterge effects become significant, however, it shows a lower accuracy
when predicting the resultant electrvajectories.

The original simulations of the spatial lens were run with standard rod electrodes forming an “ideal” electron lens; the
SIMION code helped to optimize their positions and voltages. The resulting equipotential lines were then used to
simplify the design of the streak camera’s lens (Fig. 1). In the actual design, the electrode shape was modified to
reproduce an equipotential line as predicted by the SIMION code. The new “lobe” shaped electrodes then reduce
significantly the size of the spalilens and hence the whole streak camera, allowing for the use of a substantially lower
voltage that would otherwise be needed, and, at the same time, retain the optimum electric field structure. Moreover, in
order to simulate infinitely long electrodesduivalent to a D calculation), the shapes of the equipotential lines are
etched into a printed circuit board and connected to a voltage divider.

In order to provide a temporal resolution of the electron bunch, the photoelectrons are swept usingspezajng

plates. The sweep plates are oriented so that the field between the plates is perpendicular to the length of the
photocathode slit. Each plate is charged with a-p5Qisetime, 4V voltage pulse of opposite polarity through a split
coaxial newvork transmission line. The voltage risetime on the sweep plates is 200 ps through the transmission line. The
field uniformity was determined to be-4 % over the 2.5m length of the sweep plates. The electron sweeping was
found to introduce a negativerls effect in the temporal direction, increasing the temporal response. To offset the effect,
the temporal lens voltage was being increased until the minimum duration time history was found at the output from the
streak camera detected by a phosphoresqueesc The swept photoelectrons strike a fiber optic coated wid® P
phosphor. The phosphor coated fiber optic is interfaced to a fiber optic, wti@onel plate image intensifier. The image

is read out by coupling a 1024 x 1024 CCD with a fiber optic fa@eplate to the image intensifier. The entire streak
camera and readut system is 50 cm x 7.6 cm X 7.6 cm, making it small enough for many vacuum chambers used in
laserplasma interaction experiments.

These substantial design improvements over the@ipue generation of streak cameras result in the excellent streak
camera parameters: theREX streak camera can routinely be operated at ~fS0@solution (with a dyamic range of

10), and for certain combinations of the incident light wavelength and a photocathode a resolution of up to ~300 fs
(however with a minimal dynamic range) has been demonstrated. Its relatively small size allows the streak camera to be
incaged into a 56cm x 10cm x 16¢cm (including shielding) volume. Additionally, a new unique photocathodsh

design reduces damage when electrical breakdown occurs between the photocathode and the mesh.

3. STREAK CAMERA CHA RACTERIZATION AND AP PLICATION IN EXPERIMENTS

STREAK CAMERA RESOLU TION —UV, VISIBLE A ND IR LASER PULSES

The T-REX streak camera was characterized using a Michelson interferometer and short (50 fs) laser pulses in the UV,
visible and infrared wavelength range. The interferometer spigsinicident laser beam and allows fine timing of the

both arms to achieve exact delays between them. “Zero” delthe same length for both interferometer armss

reached when interference fringes occur. They can be observed whether at a test sdireetyoat the streak camera in



DC (focus) mode, in which the sweeping plates are switched off and the electron optics images the streak camera’s
entrance slit.

The interferometer in this sefp enables one to evaluate the streak camera resolution wgingain habitual criteria:

(1) Rayleigh criterion and (2) Convolution criterion. TRayleigh criterion defines the resolution as the minimal delay
between two incident pulses that can still be distinguished by the streak camera as being clearly. $egagat2, the

delay between two pulses was set by the Michelson interferometer at 1 ps and several laser shots were recorded on a
CCD. The pulses can still be clearly distinguished, which shows gpgdsecond resolution of the streak camera. The
convdution criterion assumes a delta function (or a very short laser pulse compared to the expected resolution) incident
at the aperture slit of the streak camera. The delta function is then imaged by the streak camera at its detection system as
a finite tempwoal history pulse. In other words, the delta function is convolved with the streak camera’s resolution
function. The resolution is then defined by the FWHM of the recorded pulse. The convolution function can be used in
deconvolving very short measuremeantsse to the resolution limit to obtain the real duration of a measured pulse. The
lineout of the data taken with the Michelson interferometer (Fig. 2b) enables one to determine the resolution of the streak
camera to be ~500 fs.
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Figure 2: The resolution of the streak camera is well bellow 1 ps. An opticals30ng laser pulse was split and the two resulting
pulses were then mutually delayed by 1 ps. They can be clearly distinguished at the streak camera output as recorded by a CCD. The
line-out (2b) shows a resolution of ~500 fs.

TEMPORAL CHARACTERIZ ATION OF A TRANSIENT X-RAY LASER AT 14.7 NM

Since their first clear demonstration by Mattheefsal. (LLNL) in 1985 [3], significant progress has been made in
improving the efficiency ath characteristics of xay lasers (XRL’s). Various types currently available, including
different schemes using a laser or capillary discharge as a pump, enable a wide rangg tdser pulse parameters
suitable for a variety of scientific applicationk) particular, a determined effort has been undertaken to develop a
reliable saturated “tablop” XRL operating at short wavelengths with short pulse durations. The device would be a
versatile tool for research into fast processes, such as those ingtetager plasmas or inertial confinement fusion
plasma research.



A promising transient scheme consists in a {stage target irradiation: The initial 3@D0-ps lowintensity pulse

creates the plasma with a large abundance of the desired ion spexiesi¢ketlike, neonlike or possibly others). The

second, high intensity (sub)picosecond, laser pulse heats the preformed plasma and, by collisions between free electrons
and ions, creates a transient population inversion. Since the population invisrsioort lived (<10 ps) compared with

the photon transit time in the active medium along the target (~33 ps fecra target), the ultrashort laser pulse must

heat the plasma only locally andby the guillotine effect- make the gain region “travel” ahé velocity of the XRL

photons being amplified. This is called travelimgve (TW) irradiation geometry. The beneficial effect of the TW was
observed to increase the XRL output intensity by a factor o£&00, compared with the nehW irradiation for a 40-fs

Figure 3: The xray laser pulse duration varies from ~2.@ ps when the short pump pulse duration changes from 600 fs to 5 ps. The

soft x-ray laser signal at 14.7m with a temporal and spatial resolution in the horizontal direction asodddy the TREX streak
camera



heating pulse [4]. With the TW on, a gain of 33 ¢rwith a saturation length of 3.8 mm was observed during this
experiment.

The combination of a short duration high gain and the TW irradiation geometry resultsgaXRL pulses for the Ni

like 4d-4p silver transition at 13.9 nm, which are the shortest XRL pulses observed up to now [5]. Preliminary results on
the XRL pulse duration in dependence on pump laser parameters have been discussed in [4]. Theoreticaltbteskes of
experiments showed that the gain duration in transient plasmas-isfcoy overionization [6], [7] suggesting that
adjusting pump parameters, especially the duration of the short pump pulse, may result in a tunable XRL pulse length.

The sampleNi-like Pd 14.7nm x-ray laser beam [8] was generated
using the COMET laser facility at LLNL. The transient pumping
scheme with a combination of a 6@&long pulse (2J, 2 x T8 W/cm?,
1054 nm) and a from 605 to 6-ps (4J, & 10** — 8 x 10" Wicnt,
1054 nm) main heating pulse produced an XRL output of a few pJ’s.

The XRL pulse duration was studied by means of thRHX streak
camera. The camera was equipped with a Polypropylene/Aluminum
photocathode, with an entrance slit of 2.5 cm x 100 pm. Althotingh
streak camera in this sep does not provide a spectral resolution, the
XRL wavelength was filtered out of the background by the two
multilayer mirrors.

Time

The COMET tabletop Ni-like Pd 4d'S, —'P, 4p transient XRL at 14.7
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x-ray laser beams were temporally resolve:
the streak camera. The setup enables (.
compare the temporal histories of both be
and (2) by micrometricly changing the de
line length also a precise streak can
temporal calibration at 14.7 nm

Slide

Figure 4: Experimental setup for the temporally resolved damage experiment.

nm has been optimized durirgeveral previous experimental runs in order to maximize the XRL output [8]. In this
sense, the “optimum” conditions were found for a short pulse-6fpS at FWHM, with maximum available pump



energy of 4 J, while the long 668s pulse typically runs betw@ 2 and 3 J on target. The petakpeak delay was
optimized for 700 ps.

The temporal history of an XRL pulse under these “optimal” pumping conditions (Fig. 3) with a relatively long heating
pulse was measured to be (£0.5) ps, which is relatively log, compared to ps observed in previous experiments [5].
With the aim to shorten and control reliably theay laser pulse duration within the range suggested, we studied the
pulse histories in dependence on heating pump laser pulse duration. We olsieveeal data points for three different
pulse durations: from the shortest available at COMEBDO fs— up to the “optimum” pump conditions with heating
laser pulse length of ps. The shortest pulse we were able to demonstrate achievedS6s, wich is comparable to

the pulses demonstrated so far [5].

Contrary to this previous experiment, the current COMET experimental campaign provided both teamgisphtial
resolution of the xay laser pulses at the expense, however, of the spectral tiegollihe lack of the spectral resolution

makes it difficult to verify the relative temporal position of theay laser pulse and the background Bremsstrahlung
radiation measured in the previous work as it is impossible to separate both radiative @ffiectseviously observed
occurrence of the xay laser pulse before the Bremsstrahlung peak was explained by numerical simulations as being
predetermined by relatively shdived gain that appears before it is eoff in the overionization region. The
interconnection between the overionization and the gain would suggest that the shorter the heating pulse (that is kept at
the same energy) the shorter is the resultingax laser pulse. Therefore, the present streak camera measurements
support the previouslghown relations in xay laser Nilike plasma. Further calculations simulating the gain and
ionization abundances in dependence on the heating laser pulse energy are however needed.

The spatial resolution combined with the temporal resolution of theaktcamera provides new insights into theay

laser plasma dynamics. Interesting effects in the sgatigporal development were observed for shorter heating laser
pulses of 600s and 1.2 ps. The-ray laser output is observed to move with time withpest to the target, which could
suggest that the highest gain region moves with the expanding plasma. Further modeling that is beyond the scope of
these proceedings on theREX streak camera is currently being carried out.

The following part of the exp@ment concentrated on focusing theay laser beam in order to study an interaction of
the focused xay laser beam with muHayer targets. The temporal history of the pulse reflected from the sample is
compared on a shdb-shot basis with the originaulse, a small portion of which is sent directly to the streak camera
without the focusing and interaction with the target (Fig. 4).

Although the achieved focal size did not allow us to observe damage on a sample, we were able to validate the method
and compare both the “interaction” and “reference” beam at the streak camera (Fig. 5). This experimental setup also
enables an accurate streak camera calibration at this wavelength in terms of pulse duration by adjusting micrometrically
the timing slide at dferent known positions.



Figure 6: The streak camera setup with the von Hamos spectrometer. The compact design of the streak camera makes possible
various complicated experimental geometries to be realized such as those foe$ogition spectral sasurements. The von Hamos
spectrometer is placed atc& from the target and the-rays produced at target are spectrally resolved and imaged onto the streak
camera aperture slit. The setup therefore provides temporal resolution of the generated spectra.



APPLICATION AT 1 -2 KEV: HEATING OF THIN FOILS WITH A RELATIV ISTIC-INTENSITY
SHORT-PULSE LASER

As a matter of example we will mention a spectroscopic experiment that was recently carried out witREXeSEreak
camera operating in-2-keV x-ray region P]. The experiment concentrated onskell xray spectroscopy of sub
100nm Al foils irradiated by high contrast, 158, 156200-uJ laser pulses with the focused intensity of 2M¥/cn?.

The resulting xrays were studied by the-REX streak camera with(®-fs resolution coupled to a duatystal von
Hamos spectrometer. The von HaAmos crystals focus 4ty spectra along the streak camera aperture slit. The streak
camera then provides the temporal resolution of the emittealyxspectra. Two RbAP crystaJRubidium phtalate or
CeH4 (COOH) (COORD), with 2d spacing of 2.590 nm] were bent to 3.6 and 3.0 cm radii to prewida single shot-

two different spectral regions (specifically in this experiment, the spectral region arotid2psHe transition ad 1$-

1s3p Hg transition). It is worth noting that the distances targpeéctrometer and spectromestreak camera and the
angle of the focusing plane are fixed by crystals’ radii and 2d crystal spacing. It is therefore important that the streak
camerabe relatively small and compact as it is often operated in unusual geometries close to the target (Fig. 6).
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Figure 7: Time resolved spectra of the laser heated Al foil as taken by {R&EX streak camera

An example of the measured spectra is showrFig. 7. The transit time difference between different wavelengths
(reflected off the two different crystals) results in an image of two spectra shifted in time with respect to each other.
Further, the transit time difference between different wavelengtfhacted off a single crystal was used to calibrate and
check the linearity of the sweep for each shot. Spectra from both crystals are inclined because of the time delay between
low and high energy photons when observed by a streak camera under grakilegdae; in other words, it results from

path difference between each part of the photocathode as given by the setup geometry.

CONCLUSIONS AND PERSPECTIVES

A sub-picosecond streak camera has been developed at the Lawrence Livermore National Labowhtidrywas
successfully applied in a range of scientifiqgpeximents. The IREX streak camera routinely operates at ~500 fs with a
relatively large dynamic range={0); the resolution down to ~300 fs (with a small dynamic range) has been however
already demonstrated. The compact design (50 cm x 10 cm x 10 crhjso$treak camera makes it a very suitable
device for an operation in plasma physics experiments that are often carried out in unusual geometries arsphceted



target chambers. Moreover, it also enables coupling the streak camera with a von Hamasrsdectand the sefp
provides both temporal and spectral resolution of the emitted radiation.

The streak camera temporal resolution has been characterized both by Rayleigh and convolution criteria with IR, visible
and UV short laser pulses. A succedsfipplication in a transient-xay laser research at 14.7 nm enabled us to
demonstrate xay pulses as short as@ ps, the duration of which can be controlled by pump laser parameters.
Demonstration of the spatiatray laser pulse distribution evolving time will bring important insight into xtay laser
dynamics. Finally, the streak camera is being routinely applied in various spectroscopicagréxperiments at-2

keV. The experimental setup takes advantage of the streak camera’s small dimérsi@ensble its coupling with a von
Hamos spectrometer.

The streak camera proved to be a useful tool in plasma physics. Its further development is aimed not only at the temporal
resolution improvements, but also at an extension of its applicability teratbmains, such as hareray studies at the
PLEIADES source [10] that producesray pulses between 1000 keV.
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